Introduction {#s1}
============

In daily practice, reducing the incidence of cardiovascular event is primarily based on the management of traditional cardiovascular risk factors such as hypertension, dyslipidemia, diabetes mellitus, smoking habits, and obesity. Although these risk factors are important, they do not explain the incidence of every cardiovascular event \[[@R01]-[@R03]\]. Therefore, it is important to explore the novel risk factor of cardiovascular diseases to reduce the incidence of cardiovascular events. On the contrary, epidemiological and clinical studies reported that low blood testosterone concentration in men is associated with the incidence of cardiovascular disease \[[@R04]-[@R06]\]. Therefore, we should consider low blood testosterone concentration as a novel risk factor of cardiovascular disease in male patients.

Impairment of blood rheology is an important risk factor for cardiovascular disease as well as atherosclerosis \[[@R07], [@R08]\]. In recent years, the microchannel array flow analyzer (MC-FAN) as a commercial device that assesses blood rheology by using microscopic images has been introduced in clinical practice \[[@R9]\]. MC-FAN has a simple methodology to evaluate blood rheology on the basis of whole blood passage time (WBPT), and it is superior to other methods with respect to the accuracy of channel dimensions and high reproducibility. In addition, some clinical studies have demonstrated relationships between increased WBPT and cardiovascular risk factors or the incidence of cardiovascular events \[[@R10]-[@R14]\].

Several studies exist regarding the relationships between testosterone and blood rheology \[[@R15]-[@R17]\]. However, no study has assessed the relationship between blood testosterone concentration and WBPT. Thus, this study aimed to elucidate the clinical significance of low blood testosterone concentration in men as a cardiovascular risk factor from the perspective of blood rheology using WBPT.

Materials and Methods {#s2}
=====================

Patients {#s2a}
--------

This cross-sectional study was performed at the Hitsumoto Medical Clinic in Yamaguchi, Japan, between September 2016 and August 2018. WBPT, the serum total testosterone concentration (T-T), and various clinical parameters were analyzed in 382 male patients with traditional cardiovascular risk factor (age (mean ± standard deviation (SD)), 64 ± 10 years). Patients with a history of cardiovascular disease such as ischemic heart disease, stroke, peripheral artery disease, and heart failure admission were excluded from this study. This study was conducted in compliance with the ethical standards of the responsible institution on human subjects as well as the Helsinki Declaration. All patients provided informed consent, and the study protocol was approved by the Institutional Review Board of the Hitsumoto Medical Clinic (Approval number: 2016-07).

Evaluation of blood rheology by MC-FAN {#s2b}
--------------------------------------

The blood rheology was evaluated by measuring WBPT with an MC-FAN HR300 rheometer (MC Healthcare, Tokyo, Japan), as previously reported \[[@R9], [@R11]\]. Briefly, the microchannel passage time for 100 µL of physiological saline used as a control was measured; next, the microchannel passage time for 100 µL of a heparinized whole blood sample obtained from a patient. The WBPT for patients was corrected for the passage time of physiological saline. The microchannel was 7-µm wide, 30-µm long, and 4.5-µm deep. WBPT was measured within 60 min of blood sampling. The inter- and intra-assay coefficients of variation for WBPT were 8% and 5%, respectively, indicating that the values of WBPT were within the acceptable range of reproducibility.

Evaluation of cardiovascular risk factors {#s2c}
-----------------------------------------

The degree of obesity was assessed using body mass index, calculated as the ratio of weight (kg) to the square of height (m^2^). A current smoker was defined as an individual who smoked at least one cigarette per day in the last 28 days. Right brachial blood pressure was measured twice by using a mercury sphygmomanometer with the individual in sitting position. An average of two readings was used to determine systolic and diastolic blood pressures. Hypertension was defined as systolic blood pressure of ≥ 140 mm Hg, diastolic blood pressure of ≥ 90 mm Hg, or use of antihypertensive medication. Dyslipidemia was defined as low-density lipoprotein cholesterol level of ≥ 140 mg/dL, high-density lipoprotein cholesterol level of ≤ 40 mg/dL, a triglyceride level of ≥ 150 mg/dL, or the use of antidyslipidemic medications. Diabetes mellitus was defined as having fasting blood glucose levels of ≥ 126 mg/dL or hemoglobin A1c levels of ≥ 6.5%, which is estimated by the National Glycohemoglobin Standardization Program, or taking of anti-diabetic treatment. Skin autofluorescence (AF), reflecting the accumulation of advanced glycation end-products (AGEs) in tissues, was measured on the volar side of the forearm by using a commercial instrument (AGE Reader; DiagnOptics, Groningen, The Netherlands), as previously described \[[@R18]\]. Blood samples were harvested from the antecubital vein in the morning after 12 h of fasting. The levels of serum lipid, plasma glucose, insulin, and hemoglobin A1c, blood cell count, reactive oxygen metabolites (d-ROMs) test as a marker of oxidative stress, and T-T were subsequently measured. Total cholesterol, triglyceride, and high-density lipoprotein cholesterol concentrations were measured using the standard enzymatic methods. Low-density lipoprotein cholesterol concentration was determined using the Friedewald formula \[[@R19]\]. Patients with a serum triglyceride concentration of ≥ 400 mg/dL were excluded because the method is accurate only below this concentration. Plasma glucose and insulin levels were measured using the hexokinase ultraviolet absorption spectrophotometry method and chemiluminescence immunoassay, respectively. To measure insulin resistance, the homeostatic model assessment of insulin resistance (HOMA-IR) was used as follows \[[@R20]\]: HOMA-IR = fasting glucose concentration (mg/dL) × fasting immunoreactive insulin concentration (µg/ml)/405. The d-ROMs test, which reflects blood hydroperoxide concentrations, was performed using a commercial kit (Diacron, Grosseto, Italy) \[[@R21]\]. T-T was measured using a commercial kit (ARCHITECT Testosterone II, Abbott Japan, Tokyo).

Statistical analysis {#s2d}
--------------------

The data were analyzed using Stat View-J 5.0 (HULINKS, Tokyo, Japan) and MedCalc for Windows version 14.8.1 (MedCalc Software, Ostend, Belgium). Continuous variables were expressed as mean ± SD. Between-group comparisons were performed using the Student's *t*-test or the Mann-Whitney U-test. The correlation coefficient was determined by using the Spearman's rank correlation analysis. Multivariate analysis was performed using multiple regression analysis. Receiver operating characteristic (ROC) curves were constructed, and the maximum Youden's index \[[@R22]\] was used to determine the optimal cut-off point of T-T for high WBPT. A P-value of \< 0.05 was considered to indicate statistical significance.

Results {#s3}
=======

Baseline clinical characteristics are summarized in [Table 1](#T1){ref-type="table"}. The mean value of T-T was 567.9 ± 189.0 (range: 39.0 - 1,234.7) ng/dL, and the mean value of WBPT was 57.5 ± 15.9 (range: 30.4 - 116.0) s. T-T and WBPT showed nearly normal distribution. The association between T-T and WBPT is shown in [Figure 1](#F1){ref-type="fig"}. There was a significantly negatively correlation between these clinical parameters. [Table 2](#T2){ref-type="table"} shows the association between WBPT or T-T and various clinical parameters. WBPT is significantly positively correlated with body mass index, smoking status, triglyceride levels, diabetes mellitus, HOMA-IR, skin AF, hematocrit, and d-ROMs test. WBPT is also significantly negatively correlated with high-density lipoprotein cholesterol levels. T-T is significantly negatively correlated with body mass index, serum triglyceride levels, diabetes mellitus, fasting blood glucose levels, HOMA-IR, hemoglobin A1c levels, skin AF, and d-ROMs test. T-T is also significantly positively correlated with high-density lipoprotein cholesterol levels. [Table 3](#T3){ref-type="table"} shows the result of multiple regression analysis for WBPT or T-T as a subordinate factor. Explanatory factors were selected either by checking the multicollinearity among variables or by the stepwise method. Skin AF, T-T, body mass index, d-ROMs test, and hematocrit were selected as independent variables when WBPT was used as a subordinate factor. However, WBPT, HOMA-IR, skin AF, and d-ROMs test were selected as independent variables when using T-T as a subordinate factor. [Figure 2](#F2){ref-type="fig"} shows the ROC curve analysis for the detection of high WBPT of \> 72.4 s based on a previous report to predict primary cardiovascular events \[[@R13]\]. Maximum Youden's index indicated that a T-T of \< 551.4 ng/dL was the optimal cut-off point to determine WBPT as \> 72.4 s, with sensitivity of 88.5% and specificity of 61.7%. [Table 4](#T4){ref-type="table"} shows the comparisons of clinical parameters of the high T-T (≥ 551.4ng/dL) and low T-T (\< 551.4 ng/dL) patients. In addition, body mass index, presence of diabetes mellitus, fasting blood glucose levels, HOMA-IR, hemoglobin A1c levels, skin AF, d-ROMs test, and WBPT were considerably higher, and the high-density lipoprotein cholesterol concentrations were considerably lower in patients with low T-T than in those with high T-T.

###### Patients Characteristics

  ------------------------------ ---------------
  N                              382
  Age (years)                    64 ± 10
  Body mass index (kg/m^2^)      23.6 ± 3.8
  Current smoker; n (%)          127 (33)
  Hypertension; n (%)            289 (76)
  Systolic BP (mm Hg)            141 ± 18
  Diastolic BP (mm Hg)           89 ± 24
  Dyslipidemia; n (%)            197 (52)
  Total cholesterol (mg/dL)      212 ± 42
  LDL cholesterol (mg/dL)        139 ± 38
  Triglyceride (mg/dL)           138 ± 69
  HDL cholesterol (mg/dL)        45 ± 14
  Diabetes mellitus; n (%)       123 (32)
  FBG (mg/dL)                    110 ± 14
  HOMA-IR                        2.2 ± 1.2
  HbA1c (%)                      6.2 ± 1.0
  Skin AF (arbitrary units)      2.7 ± 0.5
  White blood cell (/µL)         6,116 ± 1,563
  Hematocrit (%)                 42.3 ± 4.1
  Platelet (10^4^/µL)            24 ± 6
  d-ROMs test (U. Carr)          320 ± 96
  T-T (ng/dL)                    567.9 ± 189.0
  WBPT (s)                       57.5 ± 15.9
  Medications                    
    RAS inhibitor; n (%)         142 (37)
    Statin; n (%)                120 (31)
    Anti-diabetic drugs; n (%)   84 (22)
  ------------------------------ ---------------

Data are expressed mean ± SD. BP: blood pressure; LDL: low-density lipoprotein; HDL: high-density lipoprotein; FBG: fasting blood glucose; HOMA-IR: homeostatic model assessment of insulin resistance; HbA1c: hemoglobin A1c; AF: autofluorescence; d-ROMs: derivatives of reactive oxygen metabolites; T-T: total testosterone; WBPT: whole blood passage time; RAS: renin-angiotensin system.

![The association between T-T and WBPT. There was a significantly negative correlation between T-T and WBPT (r = -0.45, P \< 0.001). T-T: total testosterone; WBPT: whole blood passage time.](cr-10-106-g001){#F1}

###### Relationships Between WBPT, T-T and Various Clinical Parameters

                                          WBPT         T-T
  --------------------------------------- ------------ -------------
  Age                                     -0.03        0.03
  Body mass index                         0.22\*\*\*   -0.16\*\*
  Current smoker (Yes = 1, No = 0)        0.18\*       -0.06
  Hypertension (Yes = 1, No = 0)          0.05         -0.07
  Systolic BP                             0.09         -0.07
  Diastolic BP                            0.06         -0.04
  Dyslipidemia (Yes = 1, No = 0)          0.05         0.04
  Total cholesterol                       0.04         0.03
  LDL cholesterol                         0.04         0.04
  Triglyceride                            0.14\*\*     -0.12\*
  HDL cholesterol                         -0.16\*\*    0.11\*
  Diabetes mellitus (Yes = 1, No = 0)     0.15\*\*     -0.12\*
  FBG                                     0.07         -0.11\*
  HOMA-IR                                 0.13\*       -0.36\*\*\*
  HbA1c                                   0.10         -0.12\*
  Skin AF                                 0.49\*\*\*   -0.31\*\*\*
  White blood cell                        0.09         -0.03
  Hematocrit                              0.24\*\*\*   0.03
  Platelet                                0.07         0.06
  d-ROMs test                             0.28\*\*\*   -0.25\*\*\*
  RAS inhibitor (Yes = 1, No = 0)         -0.08        0.05
  Statin (Yes = 1, No = 0)                -0.07        0.04
  Anti-diabetic drugs (Yes = 1, No = 0)   0.09         0.07

Data are expressed mean ± SD. \*P \< 0.05; \*\*P \< 0.01; \*\*\*P \< 0.001. WBPT: whole blood passage time; T-T: total testosterone; BP: blood pressure; LDL: low-density lipoprotein; HDL: high-density lipoprotein; FBG: fasting blood glucose; HOMA-IR: homeostatic model assessment of insulin resistance; HbA1c: hemoglobin A1c; AF: autofluorescence; d-ROMs: derivatives of reactive oxygen metabolites; RAS: renin-angiotensin system.

###### Multiple Regression Analysis

  Explanatory factor   β       P value
  -------------------- ------- ----------
  \(A\) Skin AF        0.32    \< 0.001
    T-T                -0.25   \< 0.001
    Body mass index    0.17    \< 0.001
    d-ROMs test        0.14    0.005
    Hematocrit         0.13    0.007
    Current smoker     0.08    0.083
  \(B\) WBPT           -0.30   \< 0.001
    HOMA-IR            -0.28   \< 0.001
    Skin AF            -0.15   0.004
    d-ROMs test        -0.12   0.010
    Body mass index    -0.07   0.139

\(A\) Subordinate factor is WBPT; R^2^ = 0.33; P \< 0.001. (B) Subordinate factor is T-T; R^2^ = 0.30; P \< 0.001. AF: autofluorescence; T-T: total testosterone; d-ROMs: derivatives of reactive oxygen metabolites; HOMA-IR: homeostatic model assessment of insulin resistance; WBPT: whole blood passage time.

![Receiver operating characteristic curve analysis for detection of high WBPT using T-T. Receiver operating characteristics determined the optimal cut-off point of T-T for high WBPT (\> 72.4 s). The area under curve was 0.762 (P \< 0.001). Maximum Youden's index indicated that a T-T of \< 551.4 ng/dL is an optimal cut-off point to determine high WBPT, with sensitivity of 88.5% and specificity of 61.7%. Arrow indicates the optimal cut-off point. T-T: total testosterone; WBPT: whole blood passage time; CI: confidence interval.](cr-10-106-g002){#F2}

###### Comparisons of Clinical Parameters of the High T-T and Low T-T Patients

                                 T-T (ng/dL)     P value         
  ------------------------------ --------------- --------------- ----------
  Age (years)                    64 ± 11         64 ± 10         0.573
  Body mass index (kg/m^2^)      23.2 ± 3.8      24.2 ± 3.8      0.028
  Current smoker; n (%)          75 (32)         52 (35)         0.673
  Hypertension; n (%)            172 (74)        117 (78)        0.424
  Systolic BP (mm Hg)            140 ± 17        142 ± 19        0.159
  Diastolic BP (mm Hg)           88 ± 22         90 ± 26         0.231
  Dyslipidemia; n (%)            121 (52)        76 (51)         0.776
  Total cholesterol (mg/dL)      213 ± 41        210 ± 44        0.431
  LDL cholesterol (mg/dL)        140 ± 37        138 ± 38        0.534
  Triglyceride (mg/dL)           136 ± 64        148 ± 77        0.078
  HDL cholesterol (mg/dL)        46 ± 15         42 ± 12         0.012
  Diabetes mellitus; n (%)       64 (28)         59 (39)         0.016
  FBG (mg/dL)                    107 ± 13        113 ± 14        0.018
  HOMA-IR                        1.9 ± 1.1       2.6 ± 1.2       \< 0.001
  HbA1c (%)                      6.1 ± 1.0       6.4 ± 1.1       0.025
  Skin AF (arbitrary units)      2.6 ± 0.5       2.9 ± 0.5       \< 0.001
  White blood cell (/µL)         6,080 ± 1,524   6,171 ± 1,624   0.583
  Hematocrit (%)                 42.3 ± 4.1      42.2 ± 4.1      0.894
  Platelet (10^4^/µL)            24 ± 6          24 ± 6          0.956
  d-ROMs test (U. Carr)          305 ± 94        342 ± 95        \< 0.001
  WBPT (s)                       51.8 ± 12.9     66.2 ± 16.2     \< 0.001
  Medications                                                    
    RAS inhibitor; n (%)         91 (39)         51 (34)         0.266
    Statin; n (%)                77 (33)         43 (29)         0.354
    Anti-diabetic drugs; n (%)   53 (22)         31 (21)         0.617

Data are expressed mean ± SD. T-T: total testosterone; BP: blood pressure; LDL: low-density lipoprotein; HDL: high- density lipoprotein; FBG: fasting blood glucose; HOMA-IR: homeostatic model assessment of insulin resistance; HbA1c: hemoglobin A1c; AF: autofluorescence; d-ROMs: derivatives of reactive oxygen metabolites; WBPT: whole blood passage time; RAS: renin-angiotensin system.

Discussion {#s4}
==========

In the current study, there was a significantly negative correlation between T-T and WBPT. Furthermore, multiple regression analysis indicated that these two biomarkers had independent association with each other after adjustment of related factors. In addition, ROC curve analysis clarified that T-T cut-off at \< 551.4 ng/dL was an optimal cut-off point for discriminating high WBPT of \> 72.4 s which was reported as the predicted value of primary cardiovascular events. The results of the current study also indicated that d-ROMs test as a marker of oxidative stress and skin AF as a marker of AGEs in tissues were selected as independent variables for both WBPT and T-T as subordinate factors.

WBPT is known to be reflecting characters of whole blood sample; WBPT affects several factors such as leukocyte adhesive capacity, percentage of red blood cells, red blood cell deformity, platelet aggregation, and plasma viscosity. The study results indicate that hematocrit levels which reflect percentage of red blood cell are independently associated with WBPT, which is consistent with previous reports \[[@R12], [@R14], [@R23]\]. On the contrary, researchers reported that testosterone improves blood rheology by several mechanisms such as erythrocyte membrane lipid composition, platelet activation and reactivity, and blood viscosity \[[@R15]-[@R17]\]. In addition, Damber et al reported that decreased secretion of testosterone from the testis primarily owing to reduced blood flow in an animal model \[[@R24]\], suggesting that impairment of blood rheology in the testis may decrease testosterone production. Thus, results of previous and this study indicate that testosterone and blood rheology are associated with each other, and consequently, impairment in blood rheology may cause primary cardiovascular events in male patients with traditional cardiovascular risk factor. It is useful to know the target cut-off level of T-T for predicting abnormal WBPT in clinical settings. This study clarified the clinical usefulness of assessing T-T for detecting high WBPT of \> 72.4 s, which has been demonstrated to be a predictor of primary cardiovascular events. ROC curve analysis for WBPT as high as \> 72.4 s indicated that a T-T of \< 551.4ng/dl clarified the optimal cut-off point for discriminating high WBPT. On the contrary, Ohlsson et al reported that high serum testosterone which is indicated by T-T of \> 550ng/dL predicted a reduced 5-year risk of cardiovascular events in elderly men, including 26.2% risk of history of cardiovascular disease \[[@R25]\]. In addition, this study suggests that the incidence of primary cardiovascular events in male patients with traditional cardiovascular risk factor can be prevented by maintaining T-T at approximately ≥ 550 ng/dL from the perspective of blood rheology.

Increased oxidative stress is well known to play a crucial role in the incidence of cardiovascular disease. In addition, several studies have reported that oxidative stress could cause impairment of blood rheology \[[@R26], [@R27]\]. This study also indicated that d-ROMs test, an oxidative stress marker *in vivo*, could be selected as an independent factor for WBPT, thereby suggesting that increased oxidative stress is associated with impairment of blood rheology in male patients with traditional cardiovascular risk factor. On the contrary, the study results also indicated that increase of d-ROMs test was selected as an independent variable for low T-T. Previous studies also reported the inverse association between oxidative stress and testosterone \[[@R28]-[@R30]\]. Thus, the results of this and previous studies indicated that oxidative stress is an important target factor for both blood rheology and testosterone.

Numerous studies exist regarding the relations of AGEs and various health problems. Furthermore, researchers emphasized the importance of skin AF as a cardiovascular risk factor \[[@R31]-[@R33]\]. Skin AF is evaluated based on the autofluorescence levels on the volar side of the lower arm, and it is reported to be indicating the levels of AGEs such as pentosidine, N(epsilon)-(carboxymethyl)lysine, and N(epsilon)-(carboxyethyl)lysine according to the results of skin biopsy \[[@R34]\]. Conversely, hemorheology, assessed by MC-FAN, is an *in vitro* measurement that uses artificial blood vessels, with a 7-µm wide, 30-µm long, and 4.5-µm deep vessel lumen. Thus, the assessment of hemorheology by MC-FAN is assumed to correspond to values which are obtained for small vessels. Small vessels are considered to be present not only in a portion of the volar side of the lower arm but also in systemic organs. Therefore, independent association between skin AF and WBPT in this study were considered as to be indicating the close relation of AGEs and impairment of blood rheology in systemic organs, including heart and brain. Several basic studies have indicated that AGEs influence hemorheology by mechanisms such as platelet aggregation, leukocyte-endothelial interaction, and morphological changes in the erythrocyte membrane \[[@R35]-[@R37]\]. The study results also indicated the importance of AGEs on blood rheology in male patients with traditional cardiovascular risk factor. In addition, skin AF was independently inversely associated with T-T in this study. Several reports demonstrated the association between AGEs and testosterone \[[@R38], [@R39]\]. Zhao et al using animal models reported that AGEs inhibit testosterone secretion \[[@R38]\]. On the contrary, Xie et al reported that physiological testosterone prevented AGE-induced injury in human endothelial cells \[[@R39]\]. Thus, the results of this and previous studies indicated that testosterone and AGEs were associated with each other, and consequently, they could cause the incidence of cardiovascular events in male patients. Isami et al reported that skin AF levels were associated with habitual lifestyle behaviors, such as physical activity, nonsmoking, adequate sleep, low mental stress level, eating breakfast, and abstaining from sugary food \[[@R40]\]. In addition, other reports also indicated that WBPT, T-T, and d-ROMs test had significant association with life style or metabolic syndrome \[[@R11], [@R41], [@R42]\]. Therefore, maintaining a good life style is recommended in male patients with traditional cardiovascular risk factor from the perspective of biomarkers such as skin AF, WBPT, T-T, and d-ROMs test.

Limitations {#s4a}
-----------

This study has several limitations. First, the medical treatments for traditional cardiovascular risk factor such as hypertension, dyslipidemia, and anti-diabetic medications might have influenced the study results. Second, angiography, computed tomography, magnetic resonance imaging, and echocardiography were not completely performed for all patients. Therefore, asymptomatic cardiovascular disease might have been undetected. Third, parameters of testosterone such as free testosterone, sex hormone binding globulin, or blood estradiol concentrations were not measured in this study. Finally, this was a cross-sectional study conducted in a single unit with a relatively small sample size. Additional prospective studies, including interventional therapy evaluation, are required to assess the validity of this study's results.

Conclusions {#s4b}
-----------

In conclusion, the results of this study showed that T-T is independently inversely associated with WBPT in patients with traditional cardiovascular risk factor and no history of cardiovascular disease. In addition, this study suggests that the incidence of primary cardiovascular events can be prevented by maintaining T-T at approximately ≥ 550 ng/dL from the perspective of blood rheology.
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